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Multi-photon emitters are a sought-after resource in quantum photonics. Nonlinear interactions
between a multi-level atomic system and a coherent drive can lead to resonant two-photon emission,
but harvesting light from this process has remained a challenge due to the small oscillator strengths
involved. Here we present a study of two-photon resonance fluorescence at microwave frequencies,
using a superconducting, ladder-type artificial atom, a transmon, strongly coupled to a waveguide.
We drive the two-photon transition between the ground and second-excited state at increasingly
high powers and observe a resonance fluorescence peak whose intensity becomes comparable to
single-photon emission until it splits into a Mollow-like triplet. We measure photon correlations of
frequency-filtered spectral lines and find that while emission at the fundamental frequency stays
antibunched, the resonance fluorescence peak at the two-photon transition is superbunched. Our
results provide a route towards the realization of multi-photon sources in the microwave domain.
Resonance fluorescence, the resonant scattering of elec-
tromagnetic radiation from a two-level atom or molecule,
provides a signature of coherent light-matter interactions
as well as a source of nonclassical radiation, and is there-
fore regarded as a cornerstone of quantum optics. Upon
strong, coherent, resonant irradiation, the fluorescence
spectrum of the atom exhibits a Mollow triplet [1–3],
which is interpreted as radiative decay down a ladder
of dressed states [4]. The emitted radiation is strongly
anti-bunched [5] and can be utilized as a source of sin-
gle photons [6]. Various features of resonance fluores-
cence have been recently explored using semiconductor
quantum dots, including cascaded photon emission from
the triplet sidebands [7], sideband enhancement by cou-
pling to a cavity [8], suppression of the resonance fluores-
cence line by a bichromatic drive [9], and correlations be-
tween photons of different color [10]. Resonance fluores-
cence has also been studied in nonlinear superconducting
circuits (“artificial atoms”) with transition frequencies
in the microwave range, which can be strongly coupled
to well-controlled, itinerant modes of one-dimensional
waveguides [11–15].
In two-photon fluorescence, the emitter is excited by
two-photon absorption, a technique that has found ap-
plication, for instance, in the imaging of biological sam-
ples [16]. In optical systems, two-photon transitions typ-
ically occur between states of the same parity, and can
be assisted by – one or more, resonant or off-resonant –
intermediate states of opposite parity. In the presence
of a dipole-coupled intermediate state, the fluorescence
spectrum is dominated by the emission of two photons
in cascade. This scenario has been recently explored
in the biexciton-exciton cascade of semiconductor quan-
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tum dots [17–19], as well as in superconducting circuits
[20]. At the same time, it has been shown theoretically
that quasi-resonant intermediate states can assist inelas-
tic scattering at the drive frequency, giving rise to two-
photon resonance fluorescence [21]. The experimental
characterization of this effect has so far proven difficult,
possibly due to the presence of competing decay chan-
nels. In Ref. [18], two-photon resonance fluorescence was
strongly enhanced by embedding the quantum dot into a
cavity resonant with the two-photon transition (Purcell
effect). However, the scattered light of the strong pump
laser field saturated the detector and thereby impeded
a clean measurement. If the two-photon signal can be
separated from the coherent background, it may serve as
a source of non-classical light. This type of multi-photon
emitters are expected to have applications in quantum
photonics [22], quantum metrology [23], and quantum
biology [24, 25].
Here we present an experimental study of two-photon
resonance fluorescence in the microwave frequency do-
main, using a superconducting circuit, a transmon
[26], as a ladder-type artificial atom. We measure
the spectrum of inelastic scattering for coherent pump
strengths ranging from much weaker up to comparable
to the intermediate-state detuning, as well as photon-
photon correlations of individual, frequency-filtered spec-
tral lines corresponding to one- and two-photon transi-
tions. Our results are in good agreement with a theory
based on three-level dressed states [27], analytical expres-
sions for the decay operators corresponding to different
dressed-state transitions, master equation and quantum
regression theorem. Remarkably, the setting explored
here is closely related to two-photon blockade in a cavity-
QED system [28], with the anharmonicity of the trans-
mon replacing the nonlinear splitting of the bare cavity
states as they resonantly interact with the atom. As
a matter of fact, emission spectra qualitatively similar
to those presented here have been predicted for doubly-
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FIG. 1. Ladder-type artificial atom strongly coupled
to a waveguide. (a) Simplified scheme of the experimen-
tal setup. The transmon consists of a planar capacitor (red)
shunted by a nonlinear inductor, a SQUID, which can be
tuned by static magnetic field, and it is weakly (strongly)
coupled to an input (output) port. The input is driven by an
attenuated, coherent microwave source (RF). The output is
amplified using a chain of linear amplifiers, mixed with a lo-
cal oscillator (LO) and recorded with a fast digitizer (ADC).
(b) Level scheme for the first three levels of the transmon,
|g〉, |e〉, and |f〉, with anharmonicity α. Red, dotted lines in-
dicate the allowed first-order transitions. The second-order,
two-photon transition between |g〉 and |f〉 is resonantly driven
with strength Ω (green, double lines). (c) Measured inelastic
scattering spectrum of the transmon driven at its fundamental
frequency, ωge, and at the indicated Rabi rates, Ω, normal-
ized to the decay rate, Γ (symbols). The black lines are a
global fit to the data. Inset: low power spectroscopy of the
transmon (dots) and Lorentzian fit (red line) used to extract
the resonant frequency, ωge and the linewidth, Γ.
dressed states in cavity QED [29].
The device under study consists of a transmon emit-
ting radiation towards a microwave switch embedded on
the same chip, and was characterized in previous work
[20, 30]. The transmon is asymmetrically coupled to
two waveguides [Fig. 1(a)]: a weakly coupled drive line,
used for coherent excitation, and a strongly coupled out-
put line. This arrangement makes it possible to apply
a strong drive to the transmon with minimal leakage
into the output line [30–32], and to collect a large frac-
tion (≈ 98%) of the radiation emitted by the transmon.
The output is amplified by an amplification chain hav-
ing a Josephson parametric dimer (JPD) operated in the
phase-insensitive mode as the first amplifier [33]. The
JPD has tunable gain, center frequency, and bandwidth.
In order to maximize the signal-to-noise ratio and mini-
mize spurious effects such as nonlinearities and inhomo-
geneities in the density of states seen by the transmon
at each transition frequency, the data presented in this
manuscript was taken at the transmon/JPD configura-
tions summarized in the Supplementary Materials [34].
The frequency spectrum of the transmon [Fig. 1(b)]
is that of a nonlinear oscillator [26] with negative anhar-
monicity α/2pi = −233 MHz. We measure the fundamen-
tal frequency ωge/2pi by low-power transmission spec-
troscopy [Fig. 1(c), Inset] and tune it by static magnetic
field in a range between 7.180 GHz and 7.500 GHz. The
corresponding linewidth, Γ/2pi, varies between 1.9 MHz
and 3.4 MHz in the range considered. We ascribe this
variation to phase interference effects due to impedance
mismatches in the microwave hybrids composing the
switch [30], which in this work is only used to forward
the radiation emitted by the transmon to the output line.
Resonant driving of the g–e transition produces the well-
known Mollow triplet [Fig. 1(c)] [11, 12]. A global fit
of the emission spectra vs power is used to calibrate the
Rabi rate, Ω, as a function of input power, Pin, assuming
the expected linear dependence of the form Ω ∝ √Pin.
We drive the transmon at the two-photon transition
ωgf/2 and measure the emission spectrum at frequencies
close to the relevant transitions at ωge, ωef , and ωgf/2,
for different input powers [Fig. 2(a-c), dots]. The JPD is
configured so that it amplifies the signal around ωgf/2,
while the signal from other transitions is simply directed
to the next amplifier in the chain. At low power, most
of the emission results from the two single-photon tran-
sitions, as expected for cascade decay [20], while a com-
paratively smaller inelastic scattering peak appears at the
drive frequency, corresponding to two-photon resonance
fluorescence. At higher powers, each of the two single-
photon peaks is Stark-shifted away from the two-photon
transition, and split into a doublet [17–19]. At the same
time, the two-photon peak grows as strong as the single-
photon peaks, and eventually splits into a triplet. The
separation between the triplet sidebands and the cen-
tral peak is similar to the separation between each dou-
blet, and scales approximately linearly with the applied
power. The data is presented along with a numerical
simulation including the first four levels of the transmon
(black lines). The simulation assumes a constant den-
sity of states for the waveguide and a
√
n-scaling for the
oscillator strength of the transition between the levels
n and (n + 1) [26]. The parameters of the simulation
are the fundamental frequency of the transmon, ωge, its
anharnmonicity, α, the g–e linewidth, Γ, and the total
attenuation of the input line. These parameters are all
extracted from independent spectroscopy measurements,
with the exception of the linewidth, for which the value
Γ/2pi = 2.5 MHz was chosen as an interpolation between
the measured g–e transition linewidths across the fre-
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FIG. 2. Emission power spectra under strong two-photon excitation. (a-c) Measured power spectral density versus
detuning from the drive frequency, ω − ωd, in the vicinity of (a) the e–f , (b) the two-photon g–f , and (c) the g–e transition,
for the indicated input powers Pin (dots). Bare transition frequencies are indicated by red dashed lines and the traces are
vertically offset for clarity. The black lines are obtained by a numerical simulation (see main text for details). (d) Level scheme
illustrating inelastic transitions in the dressed-state basis |e˜〉, |−〉, |+˜〉, in the limits of low (Ω/|α|  1, left) and high drive
power (Ω/|α| . 1, right), corresponding to cascade decay and two-photon resonance fluorescence (TPRF).
quency range of the three transitions [34]. We notice
that including the fourth level of the transmon does not
change the qualitative description of the effect but it is
needed to obtain a quantitative agreement with the mea-
sured spectra at the highest powers [34].
We explain the observation of seven emission peaks
by considering a ladder of dressed states for the first
three states of the transmon [Fig. 2(d)]. When the drive
strength is much lower than the anharmonicity, Ω |α|,
the states |g〉 and |f〉, degenerate in a frame rotating at
the drive frequency, hybridize to form the quasidegener-
ate pair |−〉 and |+〉, while the intermediate state |e〉 is
not dressed. In this setting, cascade decay (from |+〉 to
|e〉 and then from |e〉 to |+〉) is the only allowed relaxation
path [20]. Instead, for drive strengths comparable to the
anharmonicity, |e〉 hybridizes with |+〉 to form the three-
state dressed states |+˜〉 and |e˜〉 [27]. This hybridization
causes a repulsion of the respective dressed-state energies
(by an amount 3Ω2/|α|, at resonance and up to second
order in Ω/|α|), which can be observed as a shift and
a splitting of the two single-photon peaks [Fig. 2(a,c)].
Even more importantly, three-state dressing allows for
additional relaxation paths which entail emission around
the drive frequency, and are therefore responsible for the
strong signal observed at the two-photon transition in
Fig. 2(b).
We investigate the nonclassical character of the emit-
ted radiation by measuring the normalized second-order
correlation function, g2(τ). We perform power autocor-
relation measurements of the signal emitted at the single-
photon transition, ωge, and at the two-photon transition,
ωgf/2, using the techniques described in Refs. [35–37]. In
our setup, the limited bandwidth of the JPD naturally
acts as a frequency filter. For each spectral line to be an-
alyzed, we tune the frequency of the transmon so that the
emission is peaked at the center of our detection window.
We further restrict the detection bandwidth to ∼ 12 MHz
by digital filtering, and vary the input power in a range in
which (i) most of the emitted radiation around each tran-
sition lies within the detection window, and (ii) the fourth
level of the transmon is not expected to be involved in
the dynamics (based on theory simulations). We find ra-
diation around ωge to be antibunched (g2(0)  1), with
a characteristic time scale that becomes shorter with in-
creasing drive power [Fig. 3(a)]. By contrast, radiation
around ωgf/2 displays superbunching (g2(0) > 1). The
magnitude of photon correlations increases with decreas-
ing drive strength [Fig. 3(b)].
We calculate photon-photon correlations using input-
output-theory, master equation, and the quantum regres-
sion theorem [38]. To compare our model to the mea-
surements of Fig. 3(a,b), we need to calculate frequency-
filtered photon correlations [39] for each individual spec-
tral line. To do so, we explicitly decompose the total
field operator into a sum of three operators accounting
for transitions at the frequencies ωge, ωef , and ωgf/2,
respectively. These field operators can be treated inde-
pendently after invoking a secular approximation in the
dressed-state basis [34]. For this analysis we have re-
stricted ourselves to the first three levels of the transmon.
We find the predictions of our theory [solid lines in
Fig. 3(a,b)] to be in qualitative agreement with the ex-
perimental data. In particular, our model captures the
crossover between superbunching and Poissonian statis-
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FIG. 3. Photon correlations of radiation emitted at
different transitions. Normalized power autocorrelation
function, g2(τ) for frequency-filtered radiation emitted at the
frequencies (a) ωge and (b) ωgf/2 upon resonant driving ωgf/2
at the indicated drive powers (symbols). For both datasets,
the amplification chain is centered at 7.358 GHz and has a
bandwidth of 12 MHz. The transmon fundamental frequency,
ωge/2pi is adjusted by static magnetic flux to (a) 7.352 GHz
and (b) 7.477 GHz, so that emission at the relevant tran-
sition falls within the acquisition band. Solid lines are the
corresponding calculated g2(τ) (see text and [34] for details).
tics (g2(0) = 1) observed for the two-photon resonance
fluorescence signal when increasing the drive strength
[Fig. 3(b)]. The availability of an explicit expression for
the corresponding field operator can be used to gain in-
sight on the mechanism underlying the crossover. By
direct inspection of the matrix elements we identify four
relaxation paths connecting dressed-states with different
photon numbers which contribute to resonance fluores-
cence, namely, |−〉 → |+˜〉, |+˜〉 → |−〉, |+˜〉 → |+˜〉,
and |e˜〉 → |e˜〉. Of these, the first two are expected to
have two-photon character because they connect the bare
states |g〉 and |f〉, whose energies differ by two photons
at the two-photon resonance. By contrast, the last two
relaxation paths do not entail population modulation of
the state of the emitter. For these paths, subsequent
emission events are uncorrelated and the photon statis-
tics can thus be expected to be Poissionian; a similar
phenomenology is observed for the central peak of the
standard Mollow triplet [7, 40]. At small drive strengths,
the steady-state solution of the master equation indicates
that the dressed-state |−〉 is the most populated, which
leads to superbunching in two-photon fluorescence. For
increasing drive strength, emission at the two-photon
transition intensifies due to the increased participation
of the intermediate state |e〉. At the same time, how-
ever, the occupation of the dressed-state |e˜〉 grows at the
expense of |−〉, favoring Poissonian decay and thereby
decreasing the purity of two-photon emission, as seen ex-
perimentally by the decrease in g2(0). Further numerical
studies [34] indicate that by adjusting the drive detuning
it should be possible to engineer the steady-state popu-
lations so that strong superbunching is achieved also at
intermediate drive strengths.
In summary, we have experimentally characterized the
radiation emitted by two-photon resonance fluorescence
assisted by a quasi-resonant intermediate state, using a
superconducting circuit with transition frequencies in the
microwave domain. We observe strong superbunching in
this setting, in agreement with our model. The pump-
ing scheme used here could be applied to cavity-QED
systems exhibiting two-photon blockade [28], as well as
to optically active semiconductor quantum dots driven
at the two-photon biexciton transition [17]. For these
systems, we expect qualitatively similar energy spectra
[29] and correlation properties, with differences possibly
arising from the presence of a pair of intermediate states
(non-degenerate in the former case, quasi-degenerate in
the latter). For optical systems, the polarization proper-
ties of the emitted radiation could be subject of further
study. The intensity of two-photon emission can be en-
hanced by embedding the emitter in a cavity resonant
with the two-photon transition, as suggested in [41] and
realized in [18]. In this arrangement, emission at the
two-photon frequency becomes the dominant relaxation
channel, and one can take advantage of the high-fidelity
state preparation available, e.g., for superconducting cir-
cuits to make the process deterministic. This would
turn the device into an on-demand source of two-photon
wavepackets, with the further possibility to use the in-
termediate state to shape the temporal envelope of the
emitted photons [42, 43].
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Appendix A: Experimental details
1. Working points for the transmon and Josephson
parametric amplifier
We refer to Refs. [30] and [20] for a detailed descrip-
tion and characterization of the sample. Due to experi-
mental constraints, the data presented in this work were
taken at various configuration of the transmon and the
Josephson parametric amplifier used to detect the output
radiation. The parametric amplifier was used at two se-
lected working points (JPA#1, JPA#2), with measured
specifications as in Table I.
For each experiment, the transmon frequency was ad-
justed by static magnetic flux so that the relevant tran-
sition lay in the detection bandwidth of the amplifier. A
graphical summary of the settings used to produce the
data is presented in Fig. 4.
5Appendix B: Theoretical model
1. Hamiltonian, master equation and input-output
theory
In a frame rotating at the drive frequency ωd and using
a rotating-wave approximation, we describe the driven
transmon by the Hamiltonian
Hˆ = −(δ + α/2)bˆ†bˆ+ α2 bˆ
†bˆ†bˆbˆ+ iΩ2 (bˆ− bˆ
†) , (B1)
where bˆ is an annihilation operator, δ = ωd − ωgf/2 is
the drive detuning from the two-photon transition, α is
the transmon anharmonicity (α < 0), and Ω is the drive
strength [26].
We model the driven-dissipative dynamics of the sys-
tem by the action of the Liouvillian L on the density
matrix ρˆ(t):
Lρˆ(t) = − i
~
[Hˆ, ρˆ(t)] + ΓD[bˆ, ρˆ(t)] , (B2)
where D[A,B] = ABA† − 12
(
A†AB −BA†A), and Γ is
the radiative decay rate of the transmon into the trans-
mission line [38]. We have neglected any other decay and
relaxation channels [30]. For simplicity, we have also as-
sumed that the transmission line has a constant density
of states over the full emission spectrum.
We solve the dynamics by truncating the Hilbert space
of the transmon up to n excitations (n = 3, 4 are consid-
ered here). The photonic field at the output of the trans-
mission line, described by the operator bˆout, is related to
the transmon decay operator by
bˆout =
√
Γbˆ . (B3)
2. Field operators describing the radiation emitted
at individual transitions
We decompose the operator bˆ into a sum of operators
accounting for the two single-photon doublets and for
the two-photon triplet observed in the power spectrum
[Fig. 2(a-c)]. We do this explicitly for the case n = 3.
First we diagonalize the Hamiltonian to find the three-
level dressed states |ξi〉 and their eigenfrequencies λi.
At resonance with the bare two-photon transition, the
Working point Center frequency Gain 3 dB bandwidth
#1 7.170 GHz 7 dB 56 MHz
#2 7.358 GHz 11 dB 25 MHz
TABLE I. Working points for the Josephson parametric am-
plifier
dressed-state frequencies are
λ1 = 0 , (B4)
λ2 =
1
4
(
−
√
α2 + 12Ω2 − α
)
≈ −3Ω
2
2|α| , (B5)
λ3 =
1
4
(
+
√
α2 + 12Ω2 − α
)
≈ −α/2 + 3Ω
2
2|α| , (B6)
where the approximate expressions hold up to second or-
der in the ratio Ω/|α|. In general, λ1 and λ2 are quasi-
degenerate (corresponding to the hybridization of the
states |1〉 and |3〉 in the rotating frame), while λ3 is de-
tuned by approximately |α|/2 (corresponding to the state
|2〉). The states |λ1,2,3〉 are denoted in the main text as
|−〉, |+˜〉, and |e˜〉, respectively.
By expressing the bare states |i〉 in terms of the dressed
states as |i〉 = ∑j cij |ξj〉, we write down the annihilation
operator bˆ =
√
2|2〉〈3| + |1〉〈2| as a sum of terms involv-
ing pairs of dressed states. In the interaction picture,
each such term oscillates as the difference between two
dressed-state frequencies. We group terms which oscillate
at the same frequency together, and drop fast-oscillating
terms by invoking a secular approximation. By selecting
those terms that oscillate at frequencies much smaller
than the anharmonicity, we arrive at the two-photon res-
onance fluorescence operator
Tˆ = (c11|ξ1〉c12|ξ2〉) c22〈ξ2|+ c13c23|ξ3〉〈ξ3|
+
√
2 [c22|ξ2〉(c31〈ξ1|+ c32〈ξ2|) + c23c33|ξ3〉〈ξ3|] .
(B7)
We have numerically checked that this operator faithfully
reproduces the power spectral density obtained by the
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FIG. 4. Measured transition frequencies of the transmon (ωge,
blue, ωef , red, ωgf/2, green, bottom axis) vs normalized mag-
netic flux, Φ/Φ0 (left axis) for each dataset shown in the main
text (right axis). For each configuration, the driven transition
(purple circle) and the measured g–e linewidth are indicated.
The lower and the upper edge of the detection band of the
parametric amplifier are indicated by vertical lines for the two
working points used Fig. 1 and 2 (“JPA#1”) and in Fig. 3
(“JPA#2”, top axis).
6full operator bˆ in the vicinity of the two-photon transi-
tion frequency. We introduce similar operators for the
two single-photon transitions by selecting those terms
that oscillates at frequencies close to ±α/2. In partic-
ular, the operator which describes emission around the
g-e transition reads
Dˆge = (c11|ξ1〉+ c12|ξ2〉) c23〈ξ3|
+
√
2 (c21|ξ1〉+ c22|ξ2〉) c33〈ξ3| .
(B8)
3. First and second-order correlation functions
We compute first and second-order autocorrelations of
a generic bosonic field Fˆ as
g1(τ) = Tr[Fˆ †eLτ Fˆ ρˆst] , (B9)
g2(τ) = Tr[Fˆ †Fˆ eLτ (Fˆ ρˆstFˆ †)] , (B10)
where ρst is the steady state solution of the master equa-
tion (Lρˆst = 0). We obtain the power spectral densities
in Fig. 2(a-c) by Fourier transform of g1(τ) for the full
output field operator (Fˆ = bˆout). We obtain the corre-
lation functions in Fig. 3(b,d) by calculating g2(τ) for
the g–e doublet and triplet operators (Fˆ =
√
ΓDˆge and√
ΓTˆ , respectively).
4. Analytic expressions
We derive the following expressions for n = 3, δ = 0,
Γ α,Ω and  ≡ Ω/|α|  1. In practice, they hold true
for  . 0.2 [compare Fig. 4(a)]. The integrated photon
flux at the two-photon transition is given by
PTPRF = G1(0) = Γ 〈T †T 〉
= Γ
2
[
554 − 4506 + 4 (Γ/α)2
]
4 (Γ/α)2 + 94
,
(B11)
and the zero-time photon autocorrelation is given by
g2(0) =
〈T †T †TT 〉
〈T †T 〉2
=
(
4α2Γ2 + 9Ω4
) (
4α2Γ2 + 479Ω4
)
(4α2Γ2 + 55Ω4)2
.
(B12)
The maximum value taken by g2(0) (for a resonant drive)
is gmax2 (0) ≈ 2.831 and is attained for the drive strength
Ωgmax2 ≈ 1.730
√|α|Γ. In general, g2(0) takes larger val-
ues if the drive is blue-detuned, that is, δ > 0.
Appendix C: Comparing measured correlation
functions to theory
1. Effect of digital filtering
When comparing our model to the experimental data
in Fig. 3(a,b), we take the finite detection bandwidth
into account by convolving the calculated g2(τ) with the
squared kernel of the used digital filter twice. This is an
approximation which holds in the limit of low signal-to-
noise ratio relevant here; for more details, see Ref. [44].
2. Parameter values
We obtain the theory traces in Fig. 3 by using in-
dependently measured sample parameters and the val-
ues Γ/2pi = 2.2 MHz [Fig. 3(a)] and Γ/2pi = 3.5 MHz
[Fig. 3(b)] for the transmon decay rate. We use these as
effective values resulting from the coupling of different
transitions to a waveguide with an inhomogeneous den-
sity of states, a feature of our experimental setup that is
not taken into account in our theory. In addition, we find
that we obtain the best agreement to the data of Fig. 3(b)
by assuming an additional detuning δ/2pi = 0.6 MHz
with respect to resonance, and a 0.2 dB additional atten-
uation with respect to the calibrated value.
Appendix D: Numerical analysis of photon
correlations at finite detuning
We theoretically investigate how the intensity of the
two-photon emission and its correlation properties de-
pend on the drive strength, Ω, and on the drive detuning
from the two-photon resonance, δ = ωd−ωgf/2 [Fig. 5(a)
and 5(b), respectively]. In the low-power limit, Ω |α|,
the two-photon signal is very weak compared to that
from single-photon transitions. This case has not been
addressed in this work. Emission becomes appreciable
(' 0.1 photons) when the ratio Ω/|α| reaches the order
of 0.1. In this regime, two-photon resonance fluorescence
is assisted by the intermediate state |e〉, and displays su-
perbunching.
Detuning the drive frequency from the bare two-
photon resonance affects both the intensity and the cor-
relation properties of the radiation emitted around the
two-photon transition [Fig. 5(b)]. While the intensity is
peaked at a slightly negative-detuned (δ ≈ −Γ) drive
frequency, superbunching becomes more pronounced as
the drive frequency is shifted towards higher frequencies.
This increased superbunching is accompanied by the dis-
appearance of the two farthest-detuned of the four single-
photon peaks in the full emission spectrum [compare
Fig. 2(a,c)]. This implies that single-photon relaxation
primarily takes place via the cascade |−〉 → |e˜〉 → |−〉
[see the level scheme in Fig. 2(d)]. The steady-state so-
lution of the master equation confirms that the dressed-
state |−〉 is the most populated. This favors the two-
photon process |−〉 → |+˜〉, giving rise to superbunching.
By contrast, for negative detunings the single-photon
cascade |+˜〉 → |e˜〉 → |+˜〉 prevails and the system spends
most of the time in |+˜〉 (and |e˜〉). This arrangement
favors the resonant decay processes |+˜〉 → |+˜〉 and
|e˜〉 → |e˜〉 , which do not entail population modulation
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FIG. 5. Calculated intensity and correlations for two-
photon resonance fluorescence. Photon flux normalized
by the decay rate (orange, left axis) and normalized zero-time
photon autocorrelation, g2(0) (blue, right axis) vs (a) normal-
ized drive strength, Ω/|α|, and (b) normalized drive detuning
from the two-photon resonance, δ/Γ. The anharmonicity is
α/2pi = −233 MHz and the decay rate is Γ/2pi = 2.5 MHz.
The dashed curves in (a) are obtained using approximate an-
alytic expressions (see text). Horizontal lines indicate the
asymptotic values g2(0) = 1 and g2(0) = 2.831.
of the state of the emitter. As a consequence, subse-
quent emission events are uncorrelated and the photon
statistics is expected to be Poissonian (g2(0) = 1), in
good agreement with the numerical result of Fig. 5(b).
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